Electrical synapses formed by neuronal gap junctions composed of connexin36 (Cx36) are a common feature in mammalian brain circuitry, but less is known about their deployment in spinal cord. It has been reported based on connexin mRNA and/or protein detection that developing and/or mature motoneurons express a variety of connexins, including Cx26, Cx32, Cx36 and Cx43 in trigeminal motoneurons, Cx36, Cx37, Cx40, Cx43 and Cx45 in spinal motoneurons, and Cx32 in sexually dimorphic motoneurons. We re-examined the localization of these connexins during postnatal development and in adult rat and mouse using immunofluorescence labeling for each connexin. We found Cx26 in association only with leptomeninges in the trigeminal motor nucleus (Mo5), Cx32 only with oligodendrocytes and myelinated fibers among motoneurons in this nucleus and in the spinal cord, and Cx37, Cx40 and Cx45 only with blood vessels in the ventral horn of spinal cord, including those among motoneurons. By freezefracture replica immunolabeling, > 100 astrocyte gap junctions but no neuronal gap junctions were found based on immunogold labeling for Cx43, whereas 16 neuronal gap junctions at postnatal day (P)4, P7 and P18 were detected based on Cx36 labeling. Punctate labeling for Cx36 was localized to the somatic and dendritic surfaces of peripherin-positive motoneurons in the Mo5, motoneurons throughout the spinal cord, and sexually dimorphic motoneurons at lower lumbar levels. In studies of electrical synapses and electrical transmission between developing and between adult motoneurons, our results serve to focus attention on mediation of this transmission by gap junctions composed of Cx36.
Introduction
Gap junction channels between cells are composed of connexin proteins that form two apposed hexameric connexons linking across the extracellular space to allow the intercellular movement of ions and small molecules (Evans & Martin, 2002) . Among the 20 connexin protein family members, most cells selectively express a particular connexin, although it is not unusual to find some cells concurrently producing two or even three different connexins (Yeh et al., 1998) . The greatest diversity in the connexin composition of gap junctions is found in the CNS, perhaps not surprisingly given the cellular and morphological heterogeneity of neural tissue. With up to 12 different connexins found in the adult brain, considerable efforts aimed at assigning these to expression by particular cell types have lead to the consensus that astrocytes express connexin (Cx)26, Cx30 and Cx43, and oligodendrocytes express Cx29, Cx32 and Cx47 (Rash et al., 2001a,b; Nagy et al., 2004 Nagy et al., , 2011 Giaume & Theis, 2010; Rash, 2010) . In addition, a wide variety of neurons express Cx36 (Söhl et al., 2005; Meier & Dermietzel, 2006) , while Cx45 and Cx57 exhibit more restricted neuronal expression, such as in the retina (Hombach et al., 2004; Söhl et al., 2005; Ciolofan et al., 2007; Li et al., 2008) . Reporter gene expression of Cx30.2 has also been found in neurons (Kreuzberg et al., 2008) , but corresponding expression of Cx30.2 protein has so far not been reported. Connexins in CNS vasculature have not been subject to comprehensive examination, but as in other tissues (Vis et al., 1998; Severs et al., 2001) , there is evidence in the brain for Cx37 and Cx40 expression in endothelial cells, and Cx45 in vascular smooth muscle cells (Yeh et al., 1998; Krüger et al., 2000; Li & Simard, 2001; Haddock et al., 2006; Nagasawa et al., 2006) .
The identification of cell-specific expression of connexins in the brain has been essential for understanding the contribution of gap junctional intercellular communication to a myriad brain functions. In particular, the well-established principle that gap junctions between neurons are the structural basis for electrical synaptic transmission (Bennett, 1997) , together with the discovery of Cx36 expression in mammalian neurons (Condorelli et al., 1998; S€ ohl et al., 1998) and documentation of its widespread occurrence in neuronal gap junctions (Rash et al., 2000 (Rash et al., , 2001a (Rash et al., ,b, 2007a Nagy et al., 2004; Söhl et al., 2005) , provided the basis for numerous studies, leading to the general acceptance of the physiological importance of electrical synapses composed of Cx36 in the mammalian brain (Bennett & Zukin, 2004; Connors & Long, 2004; Hormuzdi et al., 2004) .
In the spinal cord, the organization of electrical synapses within neural circuitry, the functional roles of these synapses, the distribution of neuronal gap junctions, and the connexins that mediate electrical synaptic transmission are far less understood. As elsewhere in the developing CNS, distinct populations of neurons in spinal cord are electrically coupled during development (Hinckley & ZiskindConhaim, 2006; Wilson et al., 2007) , the most frequently cited example of which is coupling between motoneurons during roughly the first postnatal week, with reported subsequent loss of this coupling (Fulton et al., 1980; Arasaki et al., 1984; Walton & Navarette, 1991; Bou-Flores & Berger, 2001 ). In rodents, postnatal spinal motoneurons were reported to express five connexins, including Cx36, Cx37, Cx40, Cx43 and Cx45, with persistence of expression of Cx36, Cx37 and Cx40 in adult motoneurons (Chang et al., 1999; . It has also been reported that most spinal motoneurons express Cx32 (Micevych & Abelson, 1991) , including motoneurons in sexually dimorphic motor nuclei (Matsumoto et al., 1991 (Matsumoto et al., , 1992 , and that trigeminal motoneurons express Cx26, Cx32, Cx36 and Cx43 (Honma et al., 2004) , making the claimed expression of seven connexins in a single cell type highly unusual. We have begun to focus our studies of electrical synapses on detailed examination of those associated with motoneurons, which could represent a daunting task given the plethora of connexins reported to be present in these cells. At the onset, therefore, we conducted a re-evaluation of expression of connexin proteins in motoneurons. We used immunofluorescence approaches to examine the localization of Cx32, Cx36, Cx37, Cx40, Cx43 and Cx45 in relation to rat and mouse spinal motoneurons, freeze-fracture replica immunolabeling (FRIL) to assess Cx43 vs. Cx36 protein in neurons vs. glia in rat lumbosacral spinal cord, and immunofluorescence of Cx26, Cx32, Cx36 and Cx43 in relation to trigeminal motoneurons in rats and mice.
Materials and methods

Animals and antibodies
The present immunofluorescence investigations were conducted using brains and spinal cords from 15 adult C57BL/6 mice, two C57BL/6 Cx36 knockout mice, 20 adult Sprague-Dawley rats, and 12 mice and rats at various early postnatal ages. Colonies of C57BL/6-129SvEv wild-type and Cx36 knockout mice (Deans et al., 2001) were established at the University of Manitoba through generous provision of breeding pairs of these mice from Dr David Paul (Harvard University, USA). Tissues from some of these animals were taken for use in parallel unrelated studies. Animals were utilized according to approved protocols by the Central Animal Care Committee of University of Manitoba and Colorado State University, with minimization of the numbers of animals used.
All anti-connexin antibodies were obtained from Life Technologies (Grand Island, NY, USA; formerly Invitrogen/Zymed Laboratories), and those used included: two rabbit polyclonal antibodies (Cat. no. 36-4600 and 51-6300) and one mouse monoclonal antibody (Cat. no. 39-4200) against Cx36; rabbit polyclonal (Cat. no. 51-2800) and mouse monoclonal (Cat. no. 33-5800) antibodies against Cx26; and rabbit polyclonal antibodies against Cx32 (Cat. no. 34-5700), Cx37 (Cat. no. 42-4500), Cx40 (Cat. no. 36-5000 and 37-8900), and . Specificity characteristics of the anti-Cx36 for Cx36 detection in various regions of rodent brain have been previously reported Rash et al., 2007a,b; Curti et al., 2012) . Specificities of the anti-Cx26 and anti-Cx32, with confirmation using Cx26 knockout and Cx32 knockout mice, and that of anti-Cx43 have also been reported (Rash et al., 2001a; Nagy et al., 2003a Nagy et al., , 2011 . As described in the Results, specificities of the anti-Cx37, anti-Cx40 and anti-Cx45 antibodies used are indicated by their labeling of each of their target connexins along blood vessels and, in the case of Cx40, labeling of gap junctions in the heart, where each of these connexins are known to be expressed. In addition, the specificity of Cx37 and Cx40 detection by anti-Cx37 and anti-Cx40 along vasculature has been confirmed using Cx37 knockout and Cx40 knockout mice (A. Simon and J.I. Nagy, unpublished observations). Additional antibodies included a chicken polyclonal anti-peripherin that was utilized as a marker of motoneurons (Clarke et al., 2010; Millipore, Temecula, CA, USA) and used at a dilution of 1 : 500, and a mouse monoclonal anti-2′,3′-cyclic nucleotide 3′-phosphodiesterase (CNPase; Sternberger Monoclonals, Baltimore, MD, USA) that was utilized as a marker for oligodendrocytes (Sprinkle, 1989 ) and used at a dilution of 1 : 1000. Various secondary antibodies included Cy3-conjugated goat or donkey anti-mouse and anti-rabbit IgG diluted 1 : 600 (Jackson ImmunoResearch Laboratories, West Grove, PA, USA), AlexaFluor488-conjugated goat or donkey antirabbit and anti-mouse IgG diluted 1 : 600 (Molecular Probes, Eugene, OR, USA), AlexaFluor-647-conjugated goat anti-chicken IgG diluted 1 : 500 (Life Technologies) and Cy3-conjugated goat anti-chicken, diluted 1 : 600 (Jackson ImmunoResearch Laboratories). As a marker for blood vessels, we used AlexaFluor647-conjugated isolectin B4 (IB4; Invitrogen). All antibodies and IB4 were diluted in 50 mM Tris-HCl, pH 7.4, containing 1.5% NaCl (TBS), TBS containing 0.3% Triton X-100 (TBSTr), and 10% normal goat or normal donkey serum.
Tissue preparation
Adult animals were deeply anesthetized with equithesin (3 mL/kg), placed on a bed of ice, and perfused transcardially with cold (4°C) pre-fixative consisting of 50 mM sodium phosphate buffer, pH 7.4, 0.1% sodium nitrite, 0.9% NaCl and 1 unit/mL of heparin, followed by perfusion with fixative solution containing cold 0.16 M sodium phosphate buffer, pH 7.4, 0.2% picric acid, and either 1 or 2% formaldehyde prepared from freshly depolymerized paraformaldehyde. Animals were then perfused with a cold solution containing 10% sucrose and 25 mM sodium phosphate buffer, pH 7.4, to wash out excess fixative. Tissues from early postnatal animals were dissected and taken for immersion fixation in 1 or 2% formaldehyde for 30-50 min. Tissues were stored at 4°C for 24-48 h in cryoprotectant containing 25 mM sodium phosphate buffer, pH 7.4, 10% sucrose, 0.04% sodium azide. Sections of spinal cord were cut at a thickness of 10-15 lm using a cryostat and collected on gelatinized glass slides. Slide-mounted sections could be routinely stored at À35°C for several months before use. Some detailed considerations regarding fixation conditions required for optimum immunohistochemical detection of Cx36, alone or in combination with other proteins, are described elsewhere .
For FRIL, we prepared tissue and obtained relevant data from five postnatal rats: one at postnatal day (P)4, two at P7 and two at P18. Rats were anesthetized using ketamine/xylazine, and prepared for electron microscopy by transcardiac perfusion with 2 or 4% formaldehyde in Sorenson's phosphate buffer, infiltrated with 30% glycerol, and freeze-fracture replicated in a JEOL JFD-2 or an RMC RFD 9000, according to our published procedures (Kamasawa et al., 2006) . A total of 13 FRIL replicas were prepared and examined.
Immunofluorescence procedures
Slide-mounted sections removed from storage were air-dried for 10 min, washed for 20 min in TBSTr and processed for immunofluorescence staining, as described (Li et al., 2008; Bautista et al., 2012; Curti et al., 2012) . For single-, double-or triple-immunolabeling, sections were incubated with a single primary antibody, or simultaneously with two or three primary antibodies for 24 h at 4°C. All connexin antibodies were incubated with tissue sections at a concentration of 1-2 lg/mL. The sections were then washed for 1 h in TBSTr, and incubated for 1.5 h at room temperature with either a single or appropriate combinations of secondary antibodies. Some sections processed by single-or double-immunolabeling were counterstained with either green Nissl fluorescent NeuroTrace (stain N21480) or Blue Nissl NeuroTrace (stain N21479; Molecular Probes). All sections were coverslipped with the antifade medium Fluoromount-G (SouthernBiotech, Birmingham, AB, USA). Control procedures involving omission of one of the primary antibodies with inclusion of the secondary antibodies used for double-and triplelabeling indicated the absence of inappropriate cross-reactions between primary and secondary antibodies for all of the combinations used in this study.
Immunofluorescence was examined on a Zeiss Axioskop2 fluorescence microscope and a Zeiss 710 laser-scanning confocal microscope, using Axiovision 3.0 software or Zeiss ZEN Black 2010 image capture and analysis software (Carl Zeiss Canada, Toronto, ON, Canada). Data from wide-field and confocal microscopes were collected either as single scan images or z-stack images with multiple optical scans at z-scanning intervals of typically 0.4-0.6 lm. Images of immunolabeling obtained with Cy5 fluorochrome were pseudocolored blue. Final images were assembled using CorelDraw Graphics (Corel, Ottawa, ON, Canada) and Adobe Photoshop CS software (Adobe Systems, San Jose, CA, USA).
For FRIL, we used antibodies against Cx36 (monoclonal 37-4600, polyclonal 51-6300 and 36-4600 from Life Technologies, and polyclonal Ab298; Rash et al., 2000) and against Cx43 (MAB3068 from Millipore or 13-8300 from Life Technologies). Samples were counter-labeled with various combinations of gold-conjugated secondary antibodies from BBI (5, 10, 20 and 30 nm) and/or Jackson ImmunoResearch Laboratories (6, 12 and 18 nm).
For transmission electron microscope (TEM) studies, samples were photographed as stereoscopic pairs with an 8°included angle using a JEOL 2000EX-II TEM or a JEOL JEM 1400 TEM equipped with a Gatan Orius SC1000 11 Megapixel digital camera. TEM negatives from the JEOL 2000 were scanned using an ArtixScan 2500f digital scanning device (Microtek) and processed using Photoshop CS2 (Adobe Systems). The contrast range for each image was optimized using 'levels'. Slight image compressions created by photography of samples tilted for stereoscopy were corrected by using the 'image distort' functions and trimmed so that the 'stereo windows' appear rectangular and level.
Results
Connexins and spinal cord motoneurons
With the reported expression of seven connexin proteins and/or their corresponding mRNAs in motoneurons, we began by re-examining the distribution of immunofluorescence labeling for those connexins in lamina IX of spinal cord, and specifically their purported association with motoneurons. Firstly we showed that the antibodies used here against the relevant connexins produce immunolabeling patterns typical of those connexins localized to specific cell types. Anti-Cx37 and anti-Cx40 produced labeling along blood vessels in rat heart, as well as in rat and mouse brain ( Fig. 1A-C) , indicative of the localization of the connexins detected at gap junctions between endothelial cells (Severs et al., 2001) . In addition, anti-Cx40 produced labeling at intercalated discs and along lateral appositions of atrial cardiac myocytes in the heart ( Fig. 1D and E) , where Cx40-containing gap junctions are known to be heavily concentrated (Severs et al., 2001) . The anti-Cx45 produced punctate labeling along large diameter blood vessels in the brain (Fig. 1F) , reflective of Cx45 localization at gap junctions between smooth muscle cells along vasculature (Krüger et al., 2000; Li & Simard, 2001 ). Further, we have shown elsewhere that the anti-Cx45 used here labels ultrastructurally identified inter-neuronal gap junctions in rodent retina (Li et al., 2008) . Specificity validation of the other anti-connexin antibodies used is described in Materials and methods. Confirmation that Cx37 and Cx40 are also localized along blood vessels in the spinal cord is presented in Fig. 1G and H. In the ventral horn of the rat lumbar spinal cord, blood vessels labeled with the endothelial cell marker IB4 ( Fig. 1G1 and H1) displayed similar labeling for Cx37 ( Fig. 1G2 ) and Cx40 ( Fig. 1H2 ) as seen along vessels in the cerebral cortex.
For studies of the spinal cord, animals were examined at early developmental ages when spinal motoneurons were reported to express mRNA and/or protein for Cx36, Cx37, Cx40, Cx43 and Cx45, and at an adult stage when these neurons were found to continue expression of protein and/or mRNA for some of these same connexins (Chang et al., 1999 , as well as mRNA for Cx32 (Matsumoto et al., 1991 (Matsumoto et al., , 1992 Micevych & Abelson, 1991) . We previously noted that labeling for Cx36 is present at sites between motoneurons at PD5 (Bautista et al., 2012) . Here, we show that some motor nuclei display particularly robust immunolabeling for Cx36 at this age, as shown by examples with double-labeling for Cx36 and the motoneuron marker peripherin (Clarke et al., 2010) in lumbar spinal cord lamina IX of mouse ( Fig. 2A and B) and rat ( Fig. 2C ). Labeling for Cx36 was exclusively punctate (Cx36-puncta), with the absence of diffuse or punctate intracellular immunofluorescence. Although scattered sparsely in surrounding regions, Cx36-puncta were most concentrated within motor nuclei, were often localized to peripherin-positive motoneuronal somata or dendrites, and were commonly found at appositions between these neuronal elements ( Fig. 2B and C). All clusters of motoneurons encountered displayed scattered Cx36-puncta, but there was considerable heterogeneity in the density of Cx36-puncta among motor nuclei, suggesting staggered development of Cx36 expression among these nuclei.
For labeling of the various other connexins examined in fields of spinal cord lamina IX, results are presented with comparison of labeling for Cx36 in the same fields. All sections were triple-labeled for Cx36 plus another connexin, with the inclusion of labeling for peripherin to ensure that areas examined contained groups of motoneurons; but labeling for peripherin is not always shown in order to avoid obscuring fine punctate labeling for connexins. In lumbar spinal cord sections labeled for Cx36 and Cx37, areas of lamina IX displaying Cx36-puncta showed immunofluorescence for Cx37 restricted to blood vessels in mouse at PD5 (Fig. 2D ) and PD10 ( Fig. 2E) , and in rat at PD5 (Fig. 2F) . [Labeling of all vascularassociated connexins (i.e. Cx37, Cx40 and Cx45) in spinal cord was sparse at these developmental ages but, where possible, was included in the fields photographed as positive controls for detection of these connexins with the antibodies used.] Similar results were obtained in comparisons of Cx36 and Cx37 expression in adult spinal cord. A low magnification of the ventral horn labeled for peripherin and counterstained with blue Nissl fluorescence is shown in Fig. 2G , with the lower and upper boxed areas in this figure magnified in Fig. 2H and I, respectively, which show labeling for Cx36, Cx37 and peripherin. As seen at earlier ages, Cx36-puncta are distributed on peripherin-positive motoneurons in lamina IX (Fig. 2H) , while labeling for Cx37 is absent on these motoneurons, but is instead seen localized along blood vessels, as shown by an example of a vessel in lamina VIII (Fig. 2I) . Double-immunofluorescence labeling for peripherin and Cx43 in lamina IX of rat lumbar spinal cord at PD5 is shown in Fig. 2J . Labeling for Cx43 is entirely punctate, with negligible diffuse intracellular labeling, which was equal to the background fluorescence seen after Cx43 primary antibody omission (not shown). In regions surrounding peripherin-positive motoneurons, Cx43-puncta are sparsely distributed at this age, and are not nearly as dense as seen throughout spinal cord gray matter in adults (Ochalski et al., 1997) . Although resolution by immunofluorescence visualization is insufficient to discern whether or not some Cx43-puncta are localized directly on neuronal plasma membranes, these puncta did not display the regularity of association with peripherin-positive motoneuron dendrites and somata at PD5 as that displayed by Cx36-puncta. Adult motoneurons were also devoid of intracellular labeling for Cx43, but very densely distributed Cx43-puncta throughout neuropil precluded cell-type assignment of these puncta (not shown). In any case, Cx43 in adult spinal cord has been previously localized ultrastructurally to gap junctions between astrocytes, and not to those between neurons (Ochalski et al., 1997; Rash et al., 2001a) .
Labeling for Cx36 in combination with Cx45 in lamina IX of rat lumbar spinal cord at PD5 is shown in Fig. 2K . Areas containing Cx36-puncta (Fig. 2K1) not shown) were totally devoid of labeling for Cx45 (Fig. 2K2) . Labeling of Cx45 along blood vessels was encountered, but Cx45-puncta on these vessels were particularly sparse and fine at this age (not shown). In lamina IX of adult rat spinal cord, Cx36-puncta are seen decorating the surface of motoneurons (Fig. 2L1 ), but there is negligible association of labeling for Cx45 with those motoneurons. Instead, Cx45-puncta displayed circular or elongated patterns of labeling (Fig. 2L1) , as is more evident in the same field shown with labeling of Cx45 alone (Fig. 2L2) , reflecting Cx45 localization at blood vessels cut perpendicular or tangential to their long axis.
Results from double-labeling of Cx36 with Cx40, and peripherin with Cx40, in lumbar spinal cord are shown in Fig. 3 , where pairs of images (e.g. A1, A2, etc.) show Cx36 and Cx40 labeling, or peripherin and Cx40 labeling in the same field. As in the case of Cx37, fields containing Cx36-puncta in lamina IX at PD5 in rat (Fig. 3A1) and mouse (Fig. 3B1) , and at PD10 in mouse (Fig. 3C1) , showed an absence of labeling for Cx40 associated with motoneurons (labeling for peripherin not shown), but did display labeling of Cx40 along with blood vessels in the same fields (Fig. 3A2, B2 and C2). Examples of labeling for peripherin in conjunction with Cx40 in lumbar lamina IX at PD5 are shown in rat (Fig. 3D ) and mouse (Fig. 3E) , where areas filled with peripherinpositive motoneurons ( Fig. 3D1 and E1 ) displayed labeling for Cx40 restricted exclusively to blood vessels in the vicinity of these neurons ( Fig. 3D2 and E2, respectively) . Similar results were obtained in adult cord, where peripherin-positive motoneurons in lamina IX (Fig. 3F1) showed an absence of labeling for Cx40, and Cx40 was localized instead to blood vessels (Fig. 3F2) .
FRIL localization of Cx36 and Cx43 in developing spinal cord
Given the limitations discussed above in assigning cell-type localization of Cx43 by immunofluorescence, labeling for Cx43 vs. Cx36 in developing spinal cord was examined by FRIL (Fig. 4) . For FRIL, both single-labeling for Cx43 or Cx36 (sometimes with additional labeling for other connexins, e.g. Cx32 and Cx26), and doublelabeling for Cx43 plus Cx36 revealed labeling for Cx43 only in astrocyte, ependymocyte and leptomeningeal gap junctions (Fig. 4B) , and Cx36 only in neuronal gap junctions (Fig. 4A ) and in double-labeled samples, with Cx43 found in nearby astrocyte gap junctions. Specifically, we found Cx43 only in glial and leptomeningeal gap junctions at P4 (two replicas, 15 GJs; Fig. 4B ), P7 with four replicas all double-labeled for Cx36 and Cx43, revealing five neuronal GJs labeled for Cx36 without Cx43 (Fig. 4A) , and 18 astrocyte GJs labeled for Cx43 but not Cx36, and P18 with eight replicas, including one double-labeled for Cx43 plus Cx36, which revealed > 100 A/A and O/A gap junctions containing only Cx43 and 11 neuronal gap junctions containing only Cx36.
Localization of Cx36 and Cx32 among sexually dimorphic motor nuclei
Sexually dimorphic motor nuclei, together with their constituent motoneurons, are defined as such because the morphological appearance and numbers of neurons in these nuclei differ substantially in male and female species (Breedlove, 1986; McKenna & Nadelhaft, 1986; Coleman & Sengelaub, 2002) . Located at the lumbosacral L6-S1 levels, these nuclei consist of several groups, including a dorsomedial group and a dorsolateral group, on which we fous here. A more comprehensive analysis of Cx36 association with these nuclei is given elsewhere .
Comparison of Cx36 with Cx32 localization in spinal cord was examined in sexually dimorphic motor nuclei in which motoneurons were reported to express Cx32 mRNA (Matsumoto et al., 1991 (Matsumoto et al., , 1992 , as well as in other motor nuclei where in situ hybridization signal for Cx32 mRNA was detected, although we appreciate caveats noted regarding specificity of Cx32 mRNA detection (Micevych & Abelson, 1991) . Immunofluorescence labeling for Cx36 and Cx32 among peripherin-positive motoneurons in lamina IX of adult male rats is shown in Fig. 5 . At lower lumbar spinal levels, containing the locations of sexually dimorphic nuclei (McKenna & Nadelhaft, 1986) , labeling for Cx36 was detected in each of these nuclei, as shown by examples of Cx36 localization in the dorsomedial nucleus at its rostral (Fig. 5A) and caudal (Fig. 5B ) levels, and in the dorsolateral nucleus at a rostral level (Fig. 5C) . At higher magnification, Cx36-puncta were readily seen associated with the somata and dendrites of peripherin-positive dimorphic motoneurons, as shown in the dorsomedial nucleus (Fig. 5D ). In contrast, labeling for Cx32 was sparse in the dimorphic motor nuclei, and was absent on the surface of, or intracellularly within, these motoneurons, but was instead localized to small cells that were delineated by Cx32-puncta decorating their surface (Fig. 5A-D) or was associated with strands of fibers, which resembled patterns of labeling we have previously reported for Cx32 associated with oligodendrocytes and myelinated fibers (Nagy et al., 2003a,b) . Examination of other spinal levels containing non-dimorphic motor nuclei in lamina IX showed a similar association of Cx36 with peripherin-positive motoneurons and an absence of Cx32 localization at the surface of these neurons (Fig. 5E ). In adult male mice, the sexually dimorphic Onuf's motor nucleus located at the L6 spinal level, and corresponding roughly to the dorsomedial and dorsolateral nuclei in the rat, also displayed Cx36-puncta associated with motoneurons ( Fig. 5F1) , whereas Cx32 was again localized to small cells (Fig. 5F2 ) that had the size and shape of oligodendrocytes. As in the rat, similar results were obtained in non-dimorphic motor nuclei of mouse at other spinal levels, where motoneurons displayed labeling for Cx36 but not Cx32 along their somatic and dendritic surfaces (Fig. 5G) . Confirmation of Cx32 localization to oligodendrocytes was obtained by triple-labeling for Cx32, peripherin and the oligodendrocyte marker CNPase (Fig. 5H and I) , revealing Cx32-puncta distributed on the surface of CNPase-positive cells in lamina IX of lumbar spinal cord. Additional Cx32-puncta not associated with oligodendrocyte somata or with motoneurons were localized along myelinated fibers, as we have previously shown in regions elsewhere in the CNS (Nagy et al., 2003a,b) .
Connexins and trigeminal motoneurons
We next examined immunofluorescence localization of Cx26, Cx32, Cx36 and Cx43 in the trigeminal motor nucleus (Mo5) of PD15 and adult mouse, where diffuse labeling for each of these connexins was described to occur in the cytoplasm and/or nucleus of trigeminal motoneurons of developing and adult mice (Honma et al., 2004) . In adult mice, labeling of Cx36 was distributed throughout the Mo5, and was remarkably dense to the point of delineating the nucleus from surrounding regions that contained sparse labeling (Fig. 6A) . Immunofluorescence consisted exclusively of Cx36-puncta often localized to the surface of peripherin-positive motoneuron somata or along their dendrites (Fig. 6B) . Punctate or diffuse intracellular labeling is absent, as determined by through focus confocal analysis of individual motoneurons and by comparison of intracellular labeling in motoneurons with background fluorescence in these neurons after omission of primary antibody. Specificity of Cx36 detection in the Mo5 by the antibodies used is shown by the absence of immunolabeling with these antibodies in Cx36 knockout mice, as indicated in Fig. S1 , showing a similar field of the nucleus in the knockout mice as shown in Fig. 6A of wild-type mice.
Comparison of labeling for Cx36 and Cx26 among adult trigeminal motoneurons is shown in Fig. 6C . In contrast to widely distributed Cx36-puncta (Fig. 6C1) , labeling for Cx26 is restricted to a lateral portion of the nucleus largely devoid of motoneuron somata, but containing myelinated fibers belonging to the motor root of the trigeminal nerve (Fig. 6C2) . Immunofluorescence for Cx26 is punctate in appearance, and displayed negligible association with trigeminal motoneuronal somata. Diffuse intracellular labeling for Cx26 in these somata is also negligible. Elsewhere in the brain, similar parenchymal Cx26-puncta in adult rodent were localized to astrocyte processes labeled for glial fibrillary acidic protein (GFAP; Nagy et al., 2001 Nagy et al., , 2011 . The Mo5 and the motor root of the trigeminal nerve laying lateral to it were largely devoid of labeling for GFAP under the fixation conditions required to detect Cx26, precluding doublelabeling for this connexin and the astrocyte marker. At PD15, localization of Cx36 among trigeminal motoneurons was somewhat less dense, and consisted of finer Cx36-puncta (Fig. 6D ) than seen in adult mice, suggesting that Cx36-puncta increase in size and density with development, notwithstanding that earlier postnatal ages were not examined. This is in contrast to the reduced labeling for Cx36 previously reported in these motoneurons during development (Honma et al., 2004) . Labeling for Cx26 in the Mo5 was absent at PD15, except for Cx26 seen in association with leptomeningeal sheaths of blood vessels, where these meningeal sheaths have short projections into the brain (Mercier & Hatton, 2001) .
Immunofluorescence labeling for Cx32 in combination with that of either Cx36 and peripherin or with the oligodendrocytes marker CNPase and peripherin in the Mo5 in the adult mouse is shown in Fig. 6E -G. Labeling of Cx32 was punctate, similar to that of Cx36, but was often assembled in round or oval clusters ( Fig. 5E and F) , and was absent intracellularly in motoneurons. Again, in contrast to the regular localization of Cx36 to the surface of peripherin-positive motoneurons ( Fig. 6E and F) , Cx32-puncta usually appeared in areas devoid of labeling for peripherin. Where overlap between these puncta and peripherin occurred in z-stack images, three-dimensional rotation indicated lack of association of puncta with motoneuron surfaces (not shown). Inclusion of labeling for CNPase revealed the clusters of Cx32-puncta to be associated with CNPase-positive oligodendrocytes and their initial dendritic segments (Fig. 6G) . Some CNPase signal (red) was seen above or below (confirmed in single scans) peripherin signal (blue) in these 5-lm z-stack images, but stacks were required to obtain a full complement of Cx32-puncta around oligodendrocytes. Similar labeling and localization of Cx32 to oligodendrocytes was seen in mouse Mo5 at PD15 (not shown).
Triple-immunofluorescence labeling for Cx36, Cx43 and peripherin in the Mo5 of the adult mouse is shown in Fig. 6H and I, with similar patterns of labeling observed in this nucleus at PD15 (not shown). Labeling for Cx43 was punctate throughout the brainstem, including the Mo5, and Cx43-puncta were exceptionally dense compared with that of Cx36-puncta (Fig. 6H) . Although Cx43-puncta were observed lying over peripherin-positive motoneuron dendrites in the z-stack image shown in Fig. 6I , and Cx36-puncta were seen lying over these neurons in Fig. 6G3 , F and I, through focus analysis indicated the absence of intracellular punctate or diffuse Cx43 or Cx36 immunoreactivity. Regardless of whether images were captured as confocal z-stack or as single scans, some Cx43-puncta were invariably found to lie very near peripherin-positive elements, making it impossible by immunofluorescence light microscopy to assign these puncta to plasma membranes of particular cell types. Nevertheless, given the localization of Cx43 to astrocyte gap junctions in
most other brain regions, together with the close proximity of some of these junctions to the plasma membranes of neuronal somata and dendrites (Yamamoto et al., 1990) , which can be < 0.5 lm, the close proximity of some Cx43-puncta to trigeminal motoneuron somata and their processes is expected assuming localization of these puncta to astrocyte gap junctions, as was confirmed by FRIL in all other areas of the CNS that we have examined (Rash et al., 1998a (Rash et al., ,b, 2000 (Rash et al., , 2001a (Rash et al., ,b, 2007a Rash & Yasumura, 1999; Nagy et al., 2004) , and supported by FRIL in the current study.
Discussion
Extensive gap junctional coupling between neurons throughout the CNS at early postnatal ages is a hallmark of developing neural systems (Meier & Dermietzel, 2006) . It has more recently become well established that electrical synapses persist, at higher or lower levels than seen during deveopment, in many CNS areas of adult animals, where they contribute essential features to integrative processes in neuronal circuitry (Bennett & Zukin, 2004; Connors & Long, 2004; Hormuzdi et al., 2004; Rash, 2010) . Despite the earlier acceptance of widespread electrical synapses at early postnatal ages, less is currently known about the functional role of electrical coupling between neurons during development. This is particularly the case in the spinal cord, where detailed studies of neuronal gap junction localization and connexin expression patterns, both during development and at maturity, have lagged behind those in the brain, making it difficult to relate the presence of electrical coupling to incidence and distribution of the morphological substrate of this coupling, namely neuronal gap junctions. Some of the literature available on coupling between motoneurons is especially fraught with considerable complexity. Electrical coupling between early postnatal motoneurons, suggested to be important for generation of synchronous activity among these neurons , was found to be either reduced or to be unaffected by gap junction blockers. In a series of long-standing reports, motoneuron coupling was considered in the context of synapse development with target muscles in both intact and peripheral nerve-transected animals (Personius & BaliceGordon, 2001 ). In these studies in rodents and cats, postnatal motoneurons were found apparently to express five connexins, including Cx36, Cx37, Cx40, Cx43 and Cx45, with persistence of expression of the former three connexins in adults, despite loss of coupling, and the reported presence of motoneuron plasma membrane labeling for Cx43 protein (Chang et al., 1999; . Further, motoneuron coupling was reduced in mice with Cx40 knockout, which had an impact on patterns of neuromuscular synapse development (Personius & Balice-Gordon, 2000; Personius et al., , 2007 . Reports generally refer to a loss of motoneuronal gap junctional coupling during maturation. However, gap junctions were observed between some motoneurons in adult rodent spinal cord (van der Want et al., 1998) , particularly between motoneurons in sexually dimorphic motor nuclei (Matsumoto et al., 1988 (Matsumoto et al., , 1989 , which is consistent with the persistence of coupling among motoneuronal populations in the dimorphic nuclei of adult animals (Coleman & Sengelaub, 2002) , and which was attributed to expression of Cx32 in these dimorphic motoneurons (Matsumoto et al., 1991 (Matsumoto et al., , 1992 . In animals subjected to various treatments, there have been reports of altered motoneuronal coupling without changes or undetermined changes (Mentis et al., 2002; Pastor et al., 2003) in connexin expression, or altered Cx36 expression in unidentified cell types without determination of possible changes in coupling (Yates et al., 2011) . As in spinal cord, complex patterns of connexin expression have also been reported in the Mo5, where largely diffuse cytoplasmic immunolabeling and even some nuclear immunolabeling for Cx26, Cx32 and Cx43 was described in both developing and adult trigeminal motoneurons (Honma et al., 2004) .
In a previous report, we described a deficit in presynaptic inhibition in the spinal cord of juvenile mice with Cx36 knockout, correlated this with the presence of Cx36 and neuronal dye-coupling among interneurons that mediate presynaptic inhibition, and noted the persistence of Cx36 expression in various dorsal and ventral horn regions in adult rodent spinal cord, including labeling of Cx36 in association with motoneurons (Bautista et al., 2012) . The present analyses of various connexin proteins reported to be expressed in developing and adult rodent spinal cord reveal robust and consistent punctate labeling for Cx36 in motor nuclei, often localized to the surface of motoneurons in spinal cord lamina IX and the Mo5, compared with the absence of similar labeling for the other connexin proteins examined. Localization of Cx37, Cx40 and Cx45 was restricted to blood vessels in this and other spinal cord laminae, and Cx43 showed little evidence of a regular association with motoneurons at early stages of development. Nor did we find Cx37 or Cx45 localized to spinal motoneurons or intracellular diffuse labeling or diffuse plasma membrane labeling of Cx43 protein in these neurons of adult animals, contrasting with earlier descriptions of multiple connexin in those cells (Chang et al., 1999; . Our findings regarding Cx45 are consistent with the reported absence of enhanced green fluorescent protein (EGFP) reporter expression for Cx45 in the spinal cord ventral horn of transgenic mice (Chapman et al., 2013) . Further, despite reports of widespread Cx32 mRNA expression in spinal motoneurons (Micevych & Abelson, 1991) , including sexually dimorphic motoneurons (Mat- Magnification showing the punctate appearance of labeling for Cx36, association of Cx36-puncta with motoneuron somata and dendrites (arrows), and the absence of intracellular labeling for Cx36. (C) Triple-immunofluorescence showing the overlay of labeling for Cx36 with peripherin and, in the same field, the overlay of labeling for Cx26 and peripherin. Cx36-puncta are seen throughout the field, including those associated with medially located motoneurons (C1, arrows), while Cx26-puncta are seen restricted to the lateral edge of the Mo5, in a region largely devoid of peripherin-positive motoneuron somata, but containing bundles of peripherin-positive myelinated fibers in the motor root of the trigeminal nerve (C2, arrowheads). (D) Triplelabeling in Mo5 at PD15, showing Cx36-puncta decorating motoneuron somata and dendrites (arrows), the absence of Cx26 labeling in or around these somata, and Cx26-puncta associated with leptomeninges along a blood vessel (arrowhead). (E and F) Low (E) and higher (F) magnification showing labeling of Cx36 and Cx32 among peripherin-positive Mo5 motoneurons. Cx36-puncta are seen on the surface (confirmed by confocal through focus analysis) of peripherin-positive motoneurons (arrows), while Cx32-puncta are largely in regions devoid of peripherin labeling (arrowheads). (G) Triple-labeling, showing CNPase localized to oligodendrocyte somata (G1, arrows) and myelinated fibers, and localization of Cx32-puncta to CNPase-positive oligodendrocyte somata (G2, arrows), as shown in the overlay (G3, arrows). (H and I) Low (H) and higher (I) magnification showing the overlay of triple-labeling for Cx36 and Cx43 among peripherin-positive Mo5 motoneurons. Dense Cx43-puncta are seen in the vicinity of motoneurons (arrowhead), and display a random distribution compared with the lining of Cx36-puncta on the surface of motoneurons (H and I, arrows). Motoneurons lack intracellular labeling for Cx43 (confirmed by confocal through focus analysis). sumoto et al., 1991, 1992) , we found Cx32 protein to be associated only with oligodendrocytes and myelinated fibers in lamina IX, as well as in other spinal cord laminae. Similarly, in the Mo5, we found Cx26 only in association with bundles of white matter and with leptomeninges, and Cx32 only with oligodendrocytes, as occurs elsewhere in the brain (Nagy et al., 2003a,b; Lynn et al., 2011) , and no evidence of previously described diffuse cytoplasmic or nuclear labeling for these connexins (Honma et al., 2004) or for that of Cx36 or Cx43 in trigeminal motoneurons. It should be noted that, due to limits of resolution afforded by immunofluorescence microscopy, very dense punctate labeling for Cx43 in all areas of the CNS precludes assignment of this labeling to plasma membranes of specific cell types, even though such correlations had been made previously (Chang et al., 1999 Honma et al., 2004) .
Our results stand in marked contrast to previous reports of Cx40, Cx43 and Cx45 protein expression in spinal motoneurons, and Cx26, Cx32 and Cx43 expression in trigeminal motoneurons. Further, our data cast doubt on connexin protein expression from mRNAs for some of these connexins and for mRNAs for Cx32 and Cx37 reported to be present in motoneurons (Matsumoto et al., 1991 (Matsumoto et al., , 1992 Micevych & Abelson, 1991; Chang et al., 1999 Honma et al., 2004 ). It appears that these mRNAs in motoneurons are repressed by specific miRNAs (Smirnova et al., 2005) and are not translated into corresponding protein products, including neuron-specific vs. glial cell-specific connexins (Rash et al., 2005) . Our results are consistent with ultrastructural localization of Cx32 and Cx43 to gap junctions between glial cells in the spinal cord, and not to those between neurons (Rash et al., 1998a (Rash et al., ,b, 2001a . Previously reported reductions in motoneuron coupling and disruptions in motoneuron synaptic organization in Cx40 knockout mice (Personius et al., 2007) may have arisen from vascular and/or cardiac anomalies in these animals (Simon & McWhorter, 2002) , rather than to effects on neuronal gap junctions. We conclude that Cx36 is the major connexin mediating electrical and dye-coupling between rodent motoneurons at early postnatal ages and in sexually dimorphic motoneurons in adult animals, and suggest that Cx36 be the focus of continued studies of motoneuronal gap junctions in rodent spinal cord. Nevertheless, in the absence of data indicating the total loss of coupling between motoneurons during early development in Cx36 knockout mice, we cannot exclude the possibility that these neurons may express another as yet unidentified connexin, either normally or in a compensatory fashion in the Cx36 knockout, particularly as Cx36-expressing neurons in some systems were reported to display residual coupling after Cx36 ablation (Lee et al., 2010; Curti et al., 2012) . It may be noted that any additional connexins expressed in motoneurons would appear to exclude Cx30.2, because reporter expression for Cx30.2 was not found in these neurons (Kreuzberg et al., 2008) .
Cx36 association with adult motoneurons
The abundant Cx36-puncta associated with adult motoneurons in sexually dimorphic motor nuclei almost certainly reflect visualization of gap junctions, consistent with demonstrations of dye-coupling between these neurons in adult rats (Coleman & Sengelaub, 2002) . However, relatively high densities of Cx36-puncta are also widely distributed on lamina IX motoneurons elsewhere and, indeed, throughout the spinal cord, as well as on motoneurons in the Mo5 in adult rodents. Because electrical-and dye-coupling between motoneurons is well established to progressively decrease and perhaps to disappear during development (Walton & Navarette, 1991; Chang et al., 1999) , it may be considered that Cx36-containing gap junctions associated with adult spinal motoneurons in other than sexually dimorphic motor nuclei are unable to support functional coupling, at least at spinal levels that have been studied (coupling of trigeminal motoneurons has not been examined in developing or adult animals). To reconcile lack of coupling between non-dimorphic adult motoneurons with the presence of Cx36-puncta on these neurons, it should be noted that we have found these puncta to be associated with axon terminals that contain vesicular glutamate transporter 1, and that are of primary afferent origin Bautista, W., McCrea, D.A. & Nagy, J.I., unpublished data) , apparently forming the morphologically mixed synapses that have been described in ultrastructural studies of spinal cord (Rash et al., 1996) . Such mixed synapses are potentially capable of chemical/ electrical transmission, and their presynaptic fibers in other systems appear to be capable of supporting electrical coupling between neurons that receive these synapses, as is seen in rodent vestibular nuclei (see Nagy et al., 2013) , and as has been suggested in the hippocampus (Nagy, 2012) . Conditions under which a similar mechanism may endow mixed synapses with the ability to support coupling between spinal motoneurons remain to be determined.
Supporting Information
Additional supporting information can be found in the online version of this article: Fig. S1 . A1 and A2 show the same field of trigeminal motor nucleus from a Cx36 knockout mouse, corresponding to a similar field as that in Figure 6A from a wild-type mice. The section was Nissl stained (A1) and processed for immunolabeling of Cx36 (A2), and shows an absence of labeling after Cx36 ablation, indicating specificity of Cx36 detection with the anti-Cx36 antibodies used.
